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T HE INCIDENCE OF HEPATOCELLUlar carcinoma is increasing worldwide. 1 Although surveillance by ultrasonography and ␣fetoprotein level can be used for early detection of small hepatocellular carcinoma tumors, 2 most hepatocellular carcinomas are diagnosed at intermediate or advanced stages, and only 30% of patients benefit from curative therapies such as resection, liver transplantation, or percutaneous ablation. 3, 4 Until now, no standard therapy has been established for treatment of hepatocellular carcinoma. [3] [4] [5] [6] [7] [8] [9] [10] Transcatheter arterial chemoembolization (TACE) slows tumor progression and improves survival by combining the effect of targeted chemotherapy with that of ischemic necrosis induced by arterial embolization. 6, 7, 10 TACE has become the treatment of choice for multinodular hepatocellular carcinoma. 6 Radiofrequency thermal ablation (RFA) is an emerging technology that has been proposed as an alternative to conventional percutaneous ethanol injection 5, 8, 9 and as adju-vant therapy during the wait time for liver transplantation. 11 Moreover, RFA is an appropriate treatment method for uninodular hepatocellular carcinoma 3, 4 and appears to be an effective and safe treatment method for medium and large hepatocellular carcinomas. 12 For editorial comment see p 1716.
However, both TACE and RFA have some well-known limitations. In particular, neither results in adequate control of hepatocellular carcinoma tumors larger than 3 cm. 3, [5] [6] [7] [8] [9] [10] Consequently, multimodal treatment is an appealing alternative, especially for patients with large hepatocellular carcinoma. 13 Because blood flow promotes heat loss, and heat loss may reduce the effectiveness of RFA, a possible way to increase the ablation size of RFA thermal lesions would be to reduce or eliminate the heat loss that is mediated by tissue perfusion. 14 Blood flow to hepatocellular carcinoma lesions can be substantially reduced by the arterial embolization effect of TACE treatment. Moreover, TACE has a strong antitumor effect on hepatocellular carcinoma lesions.
Therefore, we hypothesized that if TACE were performed before RFA treatment (TACE-RFA), the ablation volume of coagulation necroses could be increased, possibly enabling effective treatment of patients with larger hepatocellular carcinoma. The effectiveness of this combination treatment has been confirmed by several investigators. [15] [16] [17] However, no randomized controlled trial to compare TACE-RFA with TACE alone and RFA alone in patients with larger hepatocellular carcinoma has, to our knowledge, been reported. We carried out a single-center, prospective, randomized controlled trial to assess the longterm benefits of TACE-RFA for hepatocellular carcinoma larger than 3 cm.
METHODS

Patients
From January 2001 to May 2004, 291 consecutive patients with hepatocellular carcinoma who met the entry criteria and agreed to participate were included in a randomized trial conducted at the departments of gastroenterology and surgery, Qilu Hospital, Shandong University, Jinan, China. The diagnosis of hepatocellular carcinoma was confirmed in all patients either by histopathologic findings (207 patients) or by the finding of a liver tumor with arterial hypervascularization on contrastenhanced computed tomography or mag-netic resonance imaging and a serum ␣-fetoprotein value exceeding 400 ng/mL (84 patients met European Association for the Study of the Liver criteria for the diagnosis of hepatocellular carcinoma). 18 Eligibility criteria were as follows: (1) no indication for resection; (2) 3 or fewer lesions, each larger than 3 cm but less than or equal to 7.5 cm in greatest diameter; (3) lesions located at least 0.5 cm away from the hepatic hilum or gallbladder and the common bile duct and 1 cm from the bowel; and (4) no previous hepatocellular carcinoma treatment. Exclusion criteria were advanced liver disease (Child-Pugh class C 19 ), age older than 75 years, portal vein thrombosis, extrahepatic metastasis, diffuse and infiltrative tumors, gastrointestinal hemorrhage in the past month, refractory ascites, encephalopathy, renal failure, impaired coagulation (eg, platelet count Ͻ60 ϫ 10 3 /µL; prothrombin activity Ͻ60%), contraindications to cisplatin (history of allergic reactions to cisplatin or other platinum-containing compounds or serum creatinine concentration of Ն1.36 mg/dL), or end-stage tumor disease.
Patients who met these criteria and gave written informed consent entered the study, which was approved by the investigation and ethics committee of Qilu Hospital, Shandong University, according to the standards of the Declaration of Helsinki.
Study Design
Before randomization, patients were stratified on the basis of tumor stage (uninodular vs multinodular) and Okuda stage (I vs II) 20 to ensure balanced groups. Randomization was centralized and was performed with a computer-generated allocation list and in sequentially numbered, opaque, sealed envelopes. Patients were assigned to TACE-RFA, RFA alone, and TACE alone in equal proportions. Double-blind and doubledummy techniques were not feasible because of the nature of the treatments and the associated adverse effects.
Patientswhometeligibilitycriteriawere randomly assigned to TACE, RFA, or TACE-RFA. Because TACE treatment is administered at different intervals than RFA treatment, [5] [6] [7] [8] [9] [10] [11] [12] we designed similar treatment intervals in this study to allow comparisonacrossthe3treatmentgroups. The number of treatments was counted as courses; 1 treatment was defined as 1 course. The initial treatments were performed at baseline, at 2 months, and at 4 months. After 3 courses, treatment was performed on the basis of positive findings such as local recurrence, intrahepatic metastases,ordevelopmentofnewlesions as found on computed tomography and ultrasonography during follow-up. Nonresponders were defined as those with stable or progressive diseases after 3 courses; these patients then received alternative therapies, including crossover treatmentamongRFA,TACE,andTACE-RFA; percutaneous ethanol injection; symptomatic treatment; or, if treatment was discontinued, best supportive care. Treatment was discontinued if any exclusion criteria developed or per patient request. The interval between random assignment and the first course of treatment was always less than 2 weeks.
Treatment Procedures
All TACE and RFA were performed by the same physicians (B.-Q.C., C.-T.L., W.F., Q.-L.W., and Z.-L.Z.).
TACE was carried out according to the Seldinger technique of arterial embolization. 21 After the introduction of a 5F pigtail catheter through the femoral artery, hepatic arteriography and superior mesenteric arterial portovenography were performed to assess portal flow and the size and location of tumor nodules. When portal flow was adequate, the hepatic artery was catheterized. In patients with unilobar tumors, either the right or left hepatic artery was cannulated selectively, then the feeding artery of the tumor was catheterized superselectively.
In patients with bilobar tumors, chemoembolization was usually performed at the common hepatic artery. An emulsion that consisted of 50 mg of cisplatin (Qilu Pharmaceutical Factory, Jinan, China) and 10 mL of lipiodol (Huaihai Pharmaceutical Factory, Shanghai, China) at a volume ratio of 1:1 was injected into the blood supply artery of the tumor under fluoroscopic guidance. The injection could be slowed or discontinued if retrograde flow occurred. Embolization was subsequently performed with granules of gelatin sponge particles (Third Pharmaceutical Factory of Nanjing, Nanjing, China). After embolization, angiography was performed to determine the extent of vascular occlusion and to assess blood flow in other arterial vessels. Patients were observed carefully, and analgesia (pentazocine or meperidine) was administered if necessary.
We used a common, commercially available RFA technique and system (RITA 1500X RF generator and RITA StarBurst XL, RITA Medical Systems, Mountain View, California). Grounding was achieved by attaching 2 pads to the patient's thighs. After administration of analgesia (2.5-5.0 mg of midazolam and 0.05-0.1 mg of fentanyl) as well as local anesthesia (5-15 mL of 1% lidocaine), the electrode needles were introduced into the tumor under ultrasonographic guidance, then a gradual unfolding of the electrodes was obtained, and the generator was activated to achieve RF energy and maintain an average temperature of 100°C. At first, the electrodes were moved by 2 cm, then the electrode needles were pushed forward and unfolded gradually to 3 cm, 4 cm, and 5 cm until they reached or crossed the borders of the tumor according to the ablation range, delivering RF energy for 5 minutes for every intermediate step and for 7 to 10 minutes in the final step of the procedure. The ablation area was intended to cover the tumor as well as at least 0.5 to 1.0 cm of the surrounding tissue. The overlapping mode was used if the ablation range was greater than 5 cm in diameter. 22 During ablation, temperature was measured with a thermocouple in the electrode and tissue impedance was monitored by circuitry incorporated within the generator. To prevent bleeding and tumor seeding, track ablation was performed when withdrawing the RFA electrode in all patients. No antibiotic prophylaxis was given before or after the RFA procedure.
In the TACE-RFA group, because gelatin sponge remains in the tumor for 2 weeks after chemoembolization, 23 RFA treatments followed TACE within 2 weeks (median, 8 days; range, 4-12 days).
Assessment and Follow-up
Treatment response was assessed by contrast-enhanced spiral computed tomography at 5 months (ie, 1 month after the third treatment course). All computed tomography scans were reviewed by 2 radiologists who were unaware of patient clinical data or treatment assignment. The magnitude of treatment response was defined according to World Health Organization criteria 24 as follows: complete response refers to complete disappearance of all known disease and no new lesions, as determined by 2 observations not less than 4 weeks apart; partial response indicates a more than 50% reduction in total tumor load of all measurable lesions, as determined by 2 observations not less than 4 weeks apart; stable disease refers to disease that does not qualify for either complete response/ partial response or progressive disease; and progressive disease describes disease with a more than 25% increase in the size of 1 or more measurable lesions or the appearance of new lesions. Objective response includes both complete response and partial response. The cutoff duration of objective response was 6 months after response evaluation.
After 3 courses, patients were assessed every 3 months for 2 years and every 6 months thereafter by spiral computed tomography, ultrasonography, serum biochemistry, and clinical examination. No patient received antiviral treatment during the trial. Patients were followed up until loss to follow-up, death, or December 31, 2006. The median follow-up period was 28.5 months (range, 1-71 months).
Statistical Analysis
The primary end point was survival and thesecondaryendpointwastreatmentresponse. Overall survival was measured from the date of randomization to death or the date of last follow-up. At the time the study was planned, we estimated on the basis of previous data 12, 14, 18, 25 that the 5-year survival rate would be 25% with TACE-RFA and 11% with TACE alone or RFA alone. We calculated that a sample size of at least 92 patients would be required in each group to have 80% power to detect these improvements at a 2-sided level of statistical significance of .05. We also estimated that 5% of patients would be lost during follow-up.
All analyses were by intention to treat. Pearson 2 tests with Fisher exact probability were performed to compare the frequency distributions of categorical variables between groups. One-way analysis of variance was used to test the differences in means between groups for continuous variables. Survival probabilities were estimated using the life-table method, and differences in survival rates between groups were compared using the log-rank test. Survival curves were estimated using Kaplan-Meier analyses from time of randomization. Cox proportional hazards models were used to estimate hazard ratios (HRs) with 95% confidence intervals (CIs). Sex, age, underlying liver diseases, and Cancer of the Liver Italian Program (CLIP) score 26 were adjusted as the potential confounders in the multiple Cox regression models. The proportional hazards assumption in the Cox regression model was tested using Schoenfeld residuals. All statistical analyses were carried out with Stata software, version 9.2 (Stata Corp, College Station, Texas). All reported P values are 2-sided, with PϽ.05 considered statistically significant. The statistician was unaware of patients' clinical data or treatment assignment.
RESULTS
Enrollment
From January 2001 to May 2004, 291 (21.1%) of the 1378 patients diagnosed as having hepatocellular carcinoma at our hospital met the entry criteria and agreed to take part in the study. Of the 1087 patients who did not participate, 210 were excluded because they had poor hepatic function, 205 because they had endstage cancer, 187 because they had early hepatocellular carcinoma and under-CHEMOEMBOLIZATION AND RADIOFREQUENCY ABLATION FOR HEPATOCELLULAR CARCINOMA ©2008 American Medical Association. All rights reserved. This article has been retracted went curative therapy (liver transplantation in 23, resection in 109, and percutaneous ethanol injection in 55), 267 because they had contraindications to the study treatments (portal vein thrombosis in 145, including partial thrombosis in 90 and complete thrombosis in 55; and extrahepatic spread in 122), and 104 for other reasons (tumors in 58 patients located near bowel, hepatic hilum, gallbladder, or common bile duct; previous percutaneous ethanol injection treatment in 46) (FIGURE 1). In addition, 114 patients refused to participate (of whom 93 received conservative treatment and 21 received percutaneous ethanol injection).
Of 291 patients who were eligible and consented to be randomly assigned, 95 patients were assigned to the TACEalone group, 100 to the RFA-alone group, and 96 to the TACE-RFA group (Figure 1 ). TABLE 1 lists the baseline characteristics of the patients. There were no significant differences among the 3 groups for any of the variables.
Protocol Violations
Six patients (2 in each group) withdrew from the trial and 2 patients (1 in the TACE group and 1 in the TACE-RFA group) died before treatment could begin. Four patients assigned to RFA alone and 2 assigned to TACE-RFA actually received TACE alone because of the deep location of their tumors. These patients were analyzed as part of their original assigned group according to intention-to-treat principles. Analysis of the data after exclusion of these patients did not change the survival results. Ten patients (3 in the TACE group, 4 in the RFA group, and 3 in the TACE-RFA group) were lost to followup, and their data were censored at the time of their last visit.
Survival
At the end of follow-up, 80 patients in the TACE group (84%), 84 in the RFA group (84%), and 66 in the TACE-RFA group (69%) had died. The lower rate of death in the TACE-RFA group was the result of fewer deaths due to tumor progression in this group than in the TACE group (P=.04) or the RFA group (P=.03) ( 2) .
A subgroup analysis of patients by lesion size identified increased survival in the TACE-RFA group compared with the TACE group (P=.008 by log-rank test) and the RFA group (P = .001 by logrank test) in patients with lesions ranging from 3.1 to 5 cm; survival was also higher in patients with lesions larger than 5 cm (TACE-RFA vs TACE, PϽ.001 by log-rank test; TACE-RFA vs RFA, PϽ.001 by log-rank test) ( Table 3) .
Considering that RFA appears to be the appropriate treatment for patients with uninodular hepatocellular carcinoma and that TACE is the appropriate therapy for multinodular hepatocellular carcinoma, 4, 6, 8, 28, 29 we preplanned to analyze patients according to nodularity. For patients with uninodular hepatocellular carcinoma, overall survival was statistically significantly better in the TACE-RFA group than in the RFA group (HR, 2.50; 95% CI, 1.42-4.42; P = .001 by log-rank test; FIGURE 3). One-, 3-, and 5-year survival rates were 87%, 50%, and 15%, respectively, in the RFA group and 93%, 79%, and 53%, respectively, in the TACE-RFA group (Table 3 ). In analyses of multinodular hepatocellular carcinomas, the overall survival rate was also statistically sig- CHEMOEMBOLIZATION AND RADIOFREQUENCY ABLATION FOR HEPATOCELLULAR CARCINOMA nificantly higher in the TACE-RFA group than in the TACE group: 75%, 36%, and 13% at 1, 3, and 5 years, respectively, in the TACE-RFA group and 56%, 13%, and 0%, respectively, in the TACE group (HR, 1.99; 95% CI, 1.31-3.00; PϽ.001 by log-rank test; Table 3 and Figure 3) .
We further analyzed the factors that were associated with survival using a Cox regression model; the results showed that treatment allocation (TACE-RFA 
Treatment Discontinuation
The mean number of treatments was 3.4 (median, 2 [range, 0-10]) in the TACE group, 3.6 (median, 3 [range, 0-10]) in the RFA group, and 4.4 (median, 4 [range, 0-11]) in the TACE-RFA group. Treatment was discontinued in 83 patients (87%) in the TACE group, 85 patients (85%) in the RFA group, and 68 patients (71%) in the TACE-RFA group. This article has been retracted
The difference in rates of treatment discontinuation in the 3 groups reflects the different rates of tumor progression in the 3 groups ( (17) 17 (18) 50 (17) Variceal bleeding 7 (7) 7 (7) 6 (6) 20 (7) Treatment-related 2 (2) 1 (1) 2 (2) 5 (2) Spontaneous bacterial peritonitis 1 (1) 1 (1) 1 (1) 3 (1) Five deaths were considered treatment-related. These included 3 patients with Child-Pugh class A disease who died of liver failure 2 weeks after the second course of treatment in the TACE group (1 patient) and 2 weeks after the third course of treatment in the TACE-RFA group (2 patients), 1 patient who died of rupture of esophagogastric varices 3 days after the fourth course of treatment in the TACE group, and 1 patient who died of gastrointestinal bleeding 2 days after the sixth course of treatment in the TACE group. The deaths of 7 other patients who died within 2 months after randomization were not as clearly related to treatment.
COMMENT
The present study shows that performing TACE prior to RFA is beneficial in that it achieves better ablation than either TACE alone or RFA alone in selected candidates with hepatocellular carcinoma greater than 3 cm. This result could be explained by the modification in hepatocellular carcinoma tissue conduction that occurs after the sudden hemodynamic changes caused by occlusion of the hepatocellular carcinoma-feeding artery using gelatin sponge. During the RFA procedure, because heat loss is reduced after the occlusion of arterial flow, the mean impedance values in the hepatocellular carcinoma are lower than those in the hepatocellular carcinoma tissue without occlusion of hepatic blood flow, 30 and tissue with lower impedance tends to produce larger lesions. 14 However, the persistent ischemia induced by the gelatin sponge particle occlusion during TACE contributes to tumor necrosis. [14] [15] [16] Moreover, disruption of intratumoral septa may facilitate heat distribution within the tumor. Intratumoral septa and fibrosis are considered to influence heat diffusion within the tumor, but they are usually disrupted after TACE. 31 The rationale of the present study design is as follows: (1) the ideal candidates for both TACE and RFA are pa- This article has been retracted tients with well-preserved liver function (Child-Pugh classes A and B) and without portal vein thrombosis 4,6,13 ; (2) patients with 3 or fewer nodules are the best candidates for percutaneous RFA under ultrasonographic imaging guidance 5, 8, 9, 11, 13 ; and (3) compared with conventional electrodes, the RFA system used in this study has higher power output and multitined expandable electrodes, which can create ablation zones up to 5 cm, thus extending the limit of ablation volume for tumors. Moreover, multiple RFA processes with overlapping modes were used if the tumor was greater than 5 cm in diameter, and RFA ablation is an efficacious, safe, and relatively simple procedure for the treatment of medium and large hepatocellular carcinoma lesions. 12 To ensure that comparisons across the 3 methods would be appropriate, we selected 7.5 cm as the upper limit of tumor size as an eligibility criterion.
Overall survival of patients treated with TACE-RFA was higher than that of patients treated with TACE (HR, 1.87; 95% CI, 1.33-2.63) or RFA (HR, 1.88; 95% CI, 1.34-2.65) alone. Moreover, a survival benefit with combined treatment was seen not only for patients with uninodular tumors compared with RFA treatment (HR, 2.50; 95% CI, 1.42-4.42), but also for patients with multinodular tumors compared with TACE treatment (HR, 1.99; 95% CI, 1.31-3.00). The benefits of this combined therapy in survival can be ascribed to both the complete response to treatment and maintenance of objective response. The cause of death was progression of hepatocellular carcinoma in most patients in our study. Therefore, treatment responses and objective sustained response are important factors in achieving a low hepatocellular carcinoma recurrence. Although there was no difference in objective response rates between TACE-RFA and RFA, rates of both complete response and objective sustained response for at least 6 months were higher in the TACE-RFA group than TACE or RFA alone; as a result, the survival was also significantly improved in the TACE-RFA group because complete response and objective sustained response are the most essential factors to obtain lower hepatocellular carcinoma recurrence and better survival rate.
In multivariate analyses, treatment and CLIP score were the most important factors associated with survival. CLIP score accounts for both liver function and tumor characteristics relevant to prognostic assessment for patients with hepatocellular carcinoma and has the highest stratification ability regarding prognosis in patients with hepatocellular carcinoma. 26 Takayasu et al 10 found that both the degree of liver damage and the TNM staging system could stratify patients with statistically significantly different survival rates, such that the lower the degree of liver damage and TNM stage, the better the survival rates of patients. In general, tumor burden and hepatic functional reserve have been regarded as prognostic factors. 32 Liver failure after TACE is a substantial limitation to survival benefit; it occurred in more than 50% of patients in a previous study. 33 But in our study, there were no significant differences among the 3 groups or between 2 groups in serum bilirubin, leukocyte count, prothrombin activity, albumin, or alanine aminotransferase or aspartate aminotransferase concentrations before and after treatment. One week after treatment, liver function returned to almost the same level that was observed before treatment. Thus, the benefit of combined treatment was not offset by any adverse effect on the function of the normal liver. Although there were 2 deaths attributed to liver failure in patients who received TACE-RFA, this might partly reflect the natural course of the underlying liver disease when death caused by tumor progression has been effectively delayed with TACE-RFA treatment. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; RFA, radiofrequency ablation; TACE, transarterial chemoembolization. a Difference in measured value between baseline and 3 days after first round of treatment. b For comparison of TACE alone vs TACE-RFA.
Before the trial, we estimated that the 5-year survival rate would be 25% with TACE-RFA and 11% with TACE or RFA alone and calculated that a sample size of at least 92 patients would be required in each group. Based on our present results, the survival rate was 31% in the TACE-RFA group, 13% in the TACE group, and 8% in the RFA group. The 2-sided ␣ was .05 and the staggered entry of the participants was also taken into account. We recalculated the power after trial completion, and the results showed that the total sample size of 291 patients provides 94% power to detect HRs of 1.83 in the TACE group and 2.11 in the RFA group.
Two potential limitations in our study warrant consideration. First, the intervention was not double-blind because of the nature of treatment and the associated adverse effects of these treatments. However, blinding was maintained in evaluating the tumor response by the radiologists and in analyzing the data by statisticians. Second, this is a singlecenter study and the results may not be generalizable. It is possible that our results may not apply to patients with hepatocellular carcinoma in other countries because of differences in demographics and underlying cause of liver disease. For example, hepatitis B virus is the main cause of hepatocellular carcinoma in China, whereas hepatitis C virus, alcohol abuse, and other diseases are prevalent causes of hepatocellular carcinoma in Japan and Western countries. 2, 4, 6, 10 However, the strengths of our study are the complete data in a large number of patients and uniformity with regard to the diagnosis and treatment. The prospective, randomized design and long-term survival data are also major strengths of this study.
The current study demonstrates that combination therapy with TACE and RFA was an effective and safe treatment that may improve long-term survival for patients with hepatocellular carcinoma larger than 3 cm.
